Background: Oligomeric complexes of APP, APLP1, and APLP2 contribute to synapse formation and structure. Results: Zinc binding to the E2 domain of APP and APLPs promotes their oligomerization in the cell, most notably with APLP1. Conclusion: Extracellular zinc is a regulator for structure and function of APP and APLPs. Significance: Novel insight into how APP and APLP function is regulated at the molecular level.
We found here that zinc ions bound to APP and APLP1 E2 domains and mediated their oligomerization, whereas the APLP2 E2 domain interacted more weakly with zinc possessing a less surface-exposed zinc-binding site, and stayed monomeric. Copper ions bound to E2 domains of all three proteins. Fluorescence resonance energy transfer (FRET) analyses examined the effect of metal ion binding to APP and APLPs in the cellular context in real time. Zinc ions specifically induced APP and APLP1 oligomerization and forced APLP1 into multimeric clusters at the plasma membrane consistent with zinc concentrations in the blood and brain. The observed effects were mediated by a novel zinc-binding site within the APLP1 E2 domain as APLP1 deletion mutants revealed. Based upon its cellular localization and its dominant response to zinc ions, APLP1 is mainly affected by extracellular zinc among the APP family proteins. We conclude that zinc binding and APP/APLP oligomerization are intimately linked, and we propose that this represents a novel mechanism for regulating APP/APLP protein function at the molecular level.
The amyloid precursor protein (APP) 3 and the APP-like proteins 1 and 2 (APLP1 and APLP2) are the mammalian representatives of an evolutionarily conserved protein superfamily (1) . Harboring the potentially neurotoxic amyloid ␤ (A␤) peptide, APP is hypothesized to be the causative molecular factor in the etiology of Alzheimer disease (2) . Although APLP1 and APLP2 lack the A␤ region, all three proteins are similarly processed by secretases (3) (4) (5) , and all three paralogs are capable of forming homo-and heterodimers in living cells (6 -8) . Previously, we demonstrated that APP dimerization plays a major role in A␤ peptide generation (9) . Although it is well established that APP and its processing products are critical in the context of Alzheimer disease, the physiological role of APP, APLP1, and APLP2 still remains unclear.
Genetic studies with single and combined knockouts of APP, APLP1, and APLP2 have demonstrated that the APP family is essential to central nervous system development. Notably, mice lacking all three APP/APLP family members survive post-embryonically but exhibit severe impairments in cortical development (10) . The apparent redundancy between APP, APLP1, and APLP2 in synapse formation, neuronal differentiation, and synaptic plasticity (11) (12) (13) (14) (15) (16) ) has yet to be fully characterized at the molecular level. For example, APLP2 is required for priming cortical progenitors for neuronal differentiation, a function that is likely shared by APP (17) . APP and APLP2 are more similar to each other in terms of localization and dimer formation than APLP1 (7, 18, 19) . APLP1 mainly localizes to the cell surface, whereas APP and APLP2 are primarily found in intracellular compartments. APLP1 is exclusively found in the nervous system (18, 20) , and APLP1-heparin complexes are only formed by the E2 domain (21, 22) . In contrast, APP and APLP2 are ubiquitously expressed and can bind heparin through their E1 and E2 domains (23) (24) (25) . The ectodomains of APP and APLPs are not only mediators of cell-extracellular matrix interactions (26) . All APP family members have been shown to bind metal ions (copper, zinc) through their extracellular E1 domain (27) (28) (29) . Moreover, we have previously shown that metal ions can also bind to the extracellular E2 domain of APP, thereby affecting the conformation and flexibility of the domain (30) .
Because little is known about how extracellular ligand binding to APP, APLP1, and APLP2 affects these proteins in the cell, we have now examined zinc and copper binding to isolated domains of APP and APLPs, as well as to the full-length proteins at the cellular level. Our detailed biophysical findings have determined that zinc and copper can bind to the E2 domain of all APP family members, but zinc binding is sterically restricted in the case of APLP2. Live cell FRET analyses and confocal microscopy revealed that zinc ions mediate the oligomerization of APP and APLPs, but APLP1 is predominantly regulated by zinc among the three family members. Notably, we have determined that APLP1 oligomerization is mediated by a novel zincbinding site in its E2 domain. We also present detailed biochemical evidence that zinc binding and oligomerization are intimately linked, impacting the structural and functional properties of APLP1 as well as of APP and APLP2.
EXPERIMENTAL PROCEDURES
Plasmids-APP, APLP1, APLP1-⌬E1-AcD, and APLP2 were cloned in pcDNA3-CFP, pcDNA3-YFP, and pcDNA3-FLAG custom-made vectors as described previously (7) . Point mutations in the APLP1 sequence were introduced by PCR-based site-directed mutagenesis using partially overlapping primers (31) . APLP1 deletion constructs were generated from the fulllength sequence by PCR-mediated deletion (32) . Amino acids 290 -494, 290 -580, or 614 -650 were deleted to generate APLP1 ⌬E2, APLP1 ⌬E2-JMR, or APLP1 ⌬CT, respectively. Recombinant E2 and E2-JMR proteins of APP, APLP1, and APLP2 were expressed in Pichia pastoris with the pPICZ␣ vector system (Invitrogen). Sequences encoding amino acids 365-566 of APP, 290 -495 or 290 -566 of APLP1, and 370 -565 of APLP2 were introduced into the pPICZ␣ vector via the EcoRI restriction site at the 5Ј end and with an additional stop codon at the 3Ј end. For APP E2, an additional ATT codon was introduced between the EcoRI restriction site and the APP sequence. Sequences of all vectors were verified by DNA sequencing (GATC).
Recombinant Proteins-P. pastoris cultures were precultured in BMGY, pelleted, and resuspended in expression medium BMMY (pH 6 or 7) with 0.5% methanol at A 600 of 1.0. Supernatants containing APP E2, APLP1 E2, APLP1 E2-JMR or APLP2 E2 were collected 24 h after methanol induction and purified in a two-step chromatography procedure using HiTrap Blue HP (GE Healthcare) columns and a HiLoad 16/60 Superdex 200 column (GE Healthcare).
Immobilized Metal Ion Affinity Chromatography (IMAC)-
Purified recombinant APP E2, APLP1 E2, APLP2 E2, and APLP1 E2-JMR were preincubated with EDTA, extensively dialyzed against 50 mM sodium acetate, pH 7.0, containing 100 mM NaCl, and then applied to a zinc-or copper-loaded chelating Sepharose 6B (Pharmacia) column. For batch binding analyses, three wash steps were performed (50 mM sodium acetate, pH 7.0, containing 1 M NaCl) prior to elution (50 mM sodium acetate, pH 7.0, containing 100 mM NaCl and 50 mM EDTA). For molecular dissection of the APLP1 zinc-binding site, columnbound APLP1 E2-JMR was incubated with 10 g/ml trypsin (Roche Applied Science) at 37°C or 10 g/ml GluC (Roche Applied Science) in digestion buffer (100 mM NH 4 HCO 3 , pH 8.0) at 25°C overnight. Nonspecifically bound material was removed using 50 mM sodium acetate, pH 7.0, with increasing salt concentrations as follows: 100 mM (Wash 1), 500 mM (Wash 2), 1 M NaCl (Wash 3). Specifically bound peptides were eluted from the column using 50 mM sodium acetate, pH 7.0, containing 10 mM NaCl and 50 mM EDTA. Fractions were washed and concentrated with C18 reversed-phase tips (Varian) in 50 -80% acetonitrile containing 0.1% TCA. MALDI-MS analysis was performed using an Ultraflex-II TOF/TOF instrument (Bruker Daltonics) with ␣-cyano-4-hydroxycinnamic acid as the matrix. Fragment-ion spectra for peptide sequencing were recorded with the LIFT method (33) .
Dot-blot and Immunodetection-Fractions were transferred to nitrocellulose membranes (Macherey-Nagel) with a 96-well dot-blot device (Schleicher & Schuell). For detection of APLP1 E2 and APLP2 E2, we generated the polyclonal antibodies anti-APLP1 E2 and anti-APLP2 E2. Rabbits were immunized with synthetic peptides (purchased from PSL) containing sequences of APLP1 E2 ( 349 ALNEHFQSILQTLEE 363 ) or APLP2 E2 ( 485 RPHRILQALRR 495 ), both with a C-terminal cysteine added for C-terminal conjugation to keyhole limpet hemocyanin (Thermo Fisher Scientific). APLP1 E2 antiserum was purified on a HiTrap Protein A HP column (GE Healthcare). The antisera displayed no cross-reactivity with other APP family proteins. Immunodetection was performed with anti-APLP1 E2 (1:2000) or anti-APLP2 E2 (1:500), followed by incubation with HRP-coupled anti-rabbit IgG antibody (1:10,000; Promega), Detection of APP E2 was performed with 5 g/ml heparinbiotin in PBS-T with 100 M ZnCl 2 followed by incubation with polystreptavidin-HRP (1:30,000; Thermo Fisher Scientific). Protein signals were detected by ECL.
Surface Plasmon Resonance (SPR)-SPR analyses were performed using a BIAcore 3000 system (GE Healthcare). Recombinant E2 domains (diluted in 10 mM sodium acetate, pH 5.0) were amine-coupled to SCB CMD 500L sensor chips (XanTec Bioanalytics) according to the manufacturer's instructions as follows: immobilized densities of 3600 RU (APP E2), 3400 RU (APLP1 E2), and 2900 RU (APLP2 E2). Metal binding analyses were performed as described previously (30) .
Intrinsic Fluorescence Spectroscopy (IFS)-Prior to analysis, protein samples were preincubated with EDTA and extensively dialyzed against 50 mM sodium acetate, pH 6.8, containing 150 mM NaCl. Dialyzed proteins were diluted to 0.5 M and recorded on a Jasco FP-6500 spectrofluorometer (temperature ϭ 25°C, path length ϭ 1 cm, constant stirring ϭ 450 rpm).
In the presence of buffer ("native" protein scan), ZnCl 2 , and/or EDTA (inhibit metal-binding), fluorescence spectra were recorded using an excitation wavelength of 295 nm (slit width ϭ 5 nm), and emission was recorded from 305 to 400 nm (slit width ϭ 5 nm; scanning speed ϭ 50 nm/min). The ActA peptide (Ac-SFEWPPPPT-NH 2 ) was kindly provided by Dr. Robert Opitz (FMP Berlin). For each set of experimental conditions, the acquired spectra were corrected for dilution effects and for background emission of the buffer.
Size-exclusion Chromatography (SEC) and Static Light Scattering (SLS)-For gel filtration-coupled SEC-SLS analyses, 100 l of 50 M APLP1 E2 in HBS (10 mM HEPES, pH 7.1, containing 135 mM NaCl, 6 mM KCl, and 5.5 mM glucose) was applied to a calibrated Superdex 200 10/300 GL column (GE Healthcare). SLS (refractive index and right angle light scattering) data were recorded using VE 3580 RI and 270 dual detectors (Viscotek) and evaluated using the OmniSEC software (Viscotek). Values are expressed as means Ϯ S.D. of three independent runs.
In additional experiments, APP E2, APLP1 E2, or APLP2 E2 (400 l at 4 M each) were loaded on a calibrated Superose 12 10/300 GL column (GE Healthcare) equilibrated in 50 mM sodium acetate, pH 6.8, containing 150 mM NaCl, with or without 10 M ZnCl 2 . Prior to application, protein samples were preincubated with EDTA, extensively dialyzed against the running buffer, incubated for 10 min, and centrifuged. For better comparison, spectra were normalized to their highest absorption signal.
HEK293 and Neuronal Cell Culture-Cells were grown in an incubator at 37°C and 5% CO 2 on glass coverslips. HEK293 cells were grown in DMEM (PAA) supplemented with 10% FBS (PAA), 2 mM glutamine, 1 mM pyruvate and were transiently transfected using polyethyleneimine or FuGENE 6 transfection reagent (Roche Applied Science) with the indicated plasmids. Primary hippocampal cultures were isolated from Wistar rat pups (E19) for nucleofection with pcDNA3-APLP1-YFP using the rat neuron Nucleofector kit according to the manufacturer's instructions (Lonza). Neuron growth medium consists of a 1:1 mixture of DMEM/F-12 medium (Invitrogen) with 0.3% glucose, 20% FBS, 50 g/ml gentamicin, 15 mM HEPES/NaOH, pH 7.3, and neurobasal medium (Invitrogen) with 2% B27 supplement (Invitrogen), 2 mM GlutaMAX (Invitrogen).
Live Cell Imaging and Fluorescence Resonance Energy Transfer (FRET)-HEK293
cells and hippocampal neurons were imaged 1 day after transfection using a confocal microscope (LSM 510 Meta, Carl Zeiss, with an ␣-Plan-Fluar 100ϫ/1.45 objective or TCS SP8, Leica Microsystems, with a 63ϫ/1.4 objective) at room temperature in HBS. HBS containing ZnCl 2 , CuCl 2 , CoCl 2 , MgCl 2 , CaCl 2 , or EDTA was added to the indicated final concentration. FRET measurements were performed with 4 ϫ 4 binning using an inverted epifluorescence microscope (DMI6000B, Leica Microsystems) with sensitized emission (SE) recordings and the manufacturer's FRET SE wizard within the LAS AF software suite. FRET efficiency was calculated by correction for donor cross-talk and acceptor crossexcitation (34 or EDTA by a multivalve perfusion system (Warner Instruments). For concentration-response analyses (5 min perfusion at each concentration), HBS was supplemented with 0.3 M to 3 mM ZnCl 2 (APP wild type (WT), APLP1 WT, APLP1⌬E1-AcD) or 1 M to 10 mM ZnCl 2 (all other constructs). Zinc incubations were followed by washing solutions I (HBS containing 1 mM EDTA) and II (HBS only). EC 50 values were calculated by fitting the curves with a Levenberg-Marquardt algorithm to a threeparameter Hill equation.
Statistical Analysis-Data are expressed as means Ϯ S.E. All statistical analyses were performed by Welch's t test.
RESULTS

Zinc and Copper Binding to E2 Domains of APP, APLP1
, and APLP2-Previously, we identified two metal-binding sites in the APP E2 domain that can regulate the conformation of the domain (Fig. 1, A and B) (30) . This finding prompted us to study zinc and copper binding to the E2 domains of the other two mammalian APP family members, APLP1 and APLP2. Initially, we performed IMAC to examine metal binding to recombinant E2 domains of APP, APLP1, and APLP2. Although APP E2 and APLP1 E2 bound to the zinc-charged IMAC columns and were specifically eluted, the E2 domain of APLP2 was not retained by immobilized zinc and was detected in the flow-through and the wash fractions (Fig. 1C) . However, all three E2 domains bound to copper-charged IMAC columns (Fig. 1C) . To cross-validate these findings, we then performed SPR analyses in the reverse orientation; the E2 domains of APP, APLP1, and APLP2 were amine-coupled to SPR sensor chips, and zinc or copper chloride were titrated over all immobilized surfaces (Fig. 1D) . The strong signal responses (i.e. RU-bound) with all three E2 domains indicated that zinc was interacting with all three proteins in a similar manner. Likewise, titration with copper yielded a strong increase of the RU. Although no obvious differences in association with copper ions to the proteins on the sensor chip were observed, APLP1 E2 displayed the slowest dissociation and APP E2 the fastest.
The apparent discord between the zinc-immobilized IMAC and E2-immobilized SPR outcomes (i.e. contradictory zincbinding ability of APLP2 E2 domain) was further resolved using solution-phase IFS. Conserved tryptophan (Trp) residues within the E2 domains of APP (residue 413), APLP1 (residue 332), and APLP2 (residue 412) were specifically excited to monitor for zinc-induced conformational changes. The emission spectra revealed that the fluorescence maxima of the native proteins were around 350 nm (Fig. 1E) , indicating highly solvent-accessible Trp residues (35) , which agrees with the known x-ray crystal structures for APP E2 and APLP1 E2 (30, 36, 37) . The presence of increasing zinc concentration induced small fluorescence decreases in APP E2 with a concomitant blue shift of 3-4 nm (Fig. 1E 1 ) . This was anticipated because Trp-413 is only minimally influenced by global structural changes in APP E2 when co-crystallized with metal ions (30) . Consistent with major perturbations in the local Trp environments, zinc induced large, dose-dependent fluorescence decreases in APLP1 E2 (with concomitant blue shift of 5 nm; Fig. 1E 2 ) and APLP2 E2 (no emission wavelength shift; Fig. 1E 3 ) . Notably, the significant fluorescence decreases at 25 M ZnCl 2 were reversed by addition of a 10-fold excess of EDTA. To exclude a generic effect of zinc ions on the Trp residue in the E2 domains in APP, APLP1, and APLP2, we repeated our fluorescence assay using a derivative of the ActA class of EVH1 ligands (38) . As a negative control, this peptide contained a single Trp residue but no histidines or cysteines, which are the major zinc-binding residues of proteins (39) . Titrating zinc to even higher concentrations (100 M) did not significantly alter the emission spectrum of native ActA ( Fig. 1F ; only 2-3% decrease due to minor photobleaching effect encountered in all fluorescence assays), thus validating the specific binding effect of zinc on the E2 domains tested.
Overall, we have utilized three complementary technologies (IMAC, SPR, and IFS) to demonstrate that zinc and copper can specifically bind to the E2 domains of APP, APLP1, and APLP2 in a reversible, dose-dependent manner. Although the IFS experiments indicate that zinc binding can induce conformational rearrangements in all E2 domains, comparison between the IMAC (i.e. only 2 or 3 of 4/5 zinc coordination sites available when chelated to column) and SPR (i.e. zinc ions in solution and all 4/5 zinc coordination sites available) experiments suggests that the zinc-binding sites in APP E2 and APLP1 E2 are more surface-exposed compared with APLP2 E2 (i.e. similar zinc binding properties to APP E2 and APLP1 E2 in SPR, but poorly retained by Zn-IMAC column).
Zinc Induces Oligomerization of E2 Domains in APP and APLP1 but Not APLP2-Previous IFS analyses with APLP1 E2
showed that a fluorescence decrease can be a result of dimerization (37) . Thus, we employed SEC to monitor APP, APLP1, and APLP2 oligomerization in solution. In the absence of zinc, recombinant APLP1 E2 yielded a single peak with an apparent mass rh of 41.8 Ϯ 0.2 kDa (Fig. 2A) , which falls between the FIGURE 1. Zinc and copper binding properties of APP, APLP1, and APLP2 E2 domains. A, schematic representation of the amyloid precursor protein family: SP, signal peptide; E1 and E2, two conserved regions of the ectodomain; AcD, acidic stretch linker region between E1 and E2; JMR, juxtamembrane region; A␤, amyloid ␤ sequence; PM, plasma membrane. B, metal-binding residues of metal-binding sites 1 and 2 (M1 and M2) observed in crystals of the APP E2 domain (30) . C, recombinant E2 domains were loaded onto an IMAC column charged with immobilized zinc or copper ions; flow-through (FT), washes (W1-3), and elution volumes were analyzed by dot-blotting. D, overlays of reference-subtracted SPR titrations for ZnCl 2 predictions for monomeric (theoretical mass of 24.4 kDa) or dimeric APLP1 E2. Subsequent shape-and conformation-independent SLS analyses confirmed an absolute mass abs of 26.6 Ϯ 0.1 kDa (Fig. 2A) , which is in good agreement with the theoretical mass of monomeric APLP1 E2. In the absence of zinc, we conclude that recombinantly purified APLP1 E2 is monomeric at the employed experimental conditions. Similarly to APLP1 E2, the E2 domain of APP was also shown to exist in a monomeric form in solution (40) . In the presence of 10 M ZnCl 2 , a significant peak broadening was observed with APP E2 and APLP1 E2, which corresponded to the theoretical mass of dimers (Fig. 2, B and C) . In contrast, there was no change in the elution profile of APLP2 E2 in the presence of 10 M ZnCl 2 (Fig.  2D) . A further increase of the zinc concentration beyond 10 M ZnCl 2 rather led to a precipitation of recombinant APLP2 E2 than changing the elution profile. In solution, we conclude that the binding of zinc ions can induce a structural change that promotes the self-interaction of E2 domains in APP and APLP1 but not APLP2.
Zinc Induces Oligomerization of APP Family Proteins in Cells-
To test if zinc-induced E2 interaction influences oligomerization of the full-length proteins in living cells, we measured fluorescence resonance energy transfer (FRET) of CFP-and YFPtagged APP, APLP1, and APLP2 in HEK293 cells. We utilized the sensitized emission-FRET (SE-FRET) method (34), which is optimal for detecting relative changes in FRET efficiency with high temporal resolution rather than the exact absolute FRET values. A multivalve perfusion system (Warner Instruments) with a high buffer exchange rate also enabled us to monitor responses in real time.
APLP1-CFP-and APLP1-YFP-overexpressing cells exhibited basal levels of FRET indicating the presence of APLP1 dimers, whereupon ZnCl 2 perfusion strongly increased FRET efficiency within seconds (Fig. 3, A and B) . Subsequent washing with EDTA quickly reduced the FRET signals back to basal levels, thus indicating a shift in the APLP1 monomer/dimer equilibrium or the formation of higher APLP1 oligomers by multimerization of preformed APLP1 dimers. Strong conformational rearrangements that decrease the distance from CFP to YFP (thereby increasing FRET efficiency) could also not be ruled out, but they appear to be unlikely due to our C-terminal fluorophore fusions that permit little conformational flexibility. To determine whether APLP1 oligomerization is specifically induced by zinc ions, we studied if other divalent metal ions affect the FRET efficiency. Oligomerization was increased in the presence of 50 M Zn 2ϩ and 50 M Cu 2ϩ , whereas 1 mM (Fig. 3, C and D) . 150 M CoCl 2, a concentration far exceeding the physiological range (41) yielded only minimal increases in APLP1 FRET efficiency, thus validating the specific increases in APLP1 oligomerization that were observed with zinc and copper ions. This is in line with our previous observation that copper and zinc ions bind to the same site in the APP E2 domain (30) . Physiological concentrations of free zinc ions generally exceed copper ion concentrations by magnitudes (42, 43) due to the high number of copper chelation sites provided by proteins (44, 45) .
To validate the specificity of APLP1 oligomerization upon zinc exposure, we also tested APLP1-CFP in combination with glycophorin A-YFP (GypA), another single-pass transmembrane protein localized to the plasma membrane (46). Whereas a low basal level of FRET was observed due to random plasma membrane encounters between APLP1-CFP and GypA-YFP (Fig. 3E) , the presence of zinc prompted a slight decrease in the nonspecific FRET signal indicative of fewer encounters of APLP1 and GypA (likely due to the increased APLP1-YFP oligomerization that lowered the number of freely diffusing APLP1 entities).
FRET efficiencies between APP-CFP and APP-YFP or APLP2-CFP and APLP2-YFP were also increased by zinc (Fig.  4A ) but were lower compared with APLP1 because of their different subcellular localization. Compared with APLP1, which is mainly found at the cell surface, APP and APLP2 are more strongly retained in intracellular compartments (7) , which means that a higher proportion of these molecules are not accessible to exogenously applied zinc ions. To highlight the physiological relevance of our findings, we further assessed the concentration-dependent oligomerization of APP, APLP1, and APLP2 by zinc. By plotting the relative FRET signal increases as a function of ZnCl 2 concentration, the sigmoidal curves are indicative of concentration-dependent zinc reactions. Accordingly, zinc mediated APLP1 oligomerization at low micromolar concentrations with an EC 50 value (13.9 Ϯ 2.1 M) that matches the physiological zinc concentrations in the blood and in the brain at active zinc vesicle-containing synapses (47, 48) . Zinc-induced oligomerization of APP (EC 50 ϭ 9.2 Ϯ 3.0 M) was comparable with APLP1, whereas significantly higher, nonphysiological zinc concentrations (EC 50 ϭ 325 Ϯ 64 M) were required for APLP2 oligomerization (Fig. 4B) .
Similar to our homo-oligomerization outcomes, additional FRET analyses showed that hetero-oligomerization between APP/APLP1 and APLP1/APLP2 (EC 50 values ϳ50 M in both JULY 4, 2014 • VOLUME 289 • NUMBER 27 cases) was increased in the presence of zinc (Fig. 4C ). In contrast, APP/APLP2 hetero-oligomerization was affected at significantly higher zinc concentrations (EC 50 ϭ 231 Ϯ 76 M). This finding suggests that APLP2 preferentially forms heterooligomers with APLP1 (rather than homo-oligomers) at low zinc concentrations.
Zinc Mediates Oligomerization of APP Family Proteins
Overall, we have demonstrated that zinc increases the oligomerization of APP family members in the plasma membrane of living cells. Moreover, we have shown that the zincinduced oligomerization of these full-length proteins in vivo resembles oligomerization of the isolated E2 domains of APP, APLP1, and APLP2 in vitro at low micromolar zinc concentrations. Based upon its subcellular localization and maximal sensitivity, oligomerization of APLP1 appears to be predominantly affected by extracellular zinc ions among the APP family members. 
Zinc Induces Cluster Formation of APLP1 and APLP2 at
the Plasma Membrane -To analyze whether zinc binding and oligomerization of APP family proteins in the plasma membrane affect their localization, we examined YFP-tagged APP, APLP1, and APLP2 in living HEK293 cells with confocal laser scanning microscopy (cLSM). At basal conditions, APLP1 was primarily localized to the cell surface, whereas APLP2 was strongly retained in intracellular compartments (Fig. 5A) . APP levels at the plasma membrane were below the limit of detection, preventing an analysis of membrane-localized APP by cLSM. The addition of zinc ions to the incubation buffer resulted in the formation of large, distinguishable clusters of APLP1 or APLP2 at the plasma membrane (Fig. 5A) . The effect occurred within 30 s after the addition of zinc and was stronger for APLP1 than for APLP2, consistent with a larger impact of zinc on APLP1 oligomerization compared with APLP2. Chelation of the metal ions by EDTA reversed the Zn 2ϩ effect, and the cluster-like structures disappeared (Fig. 5A) . As a negative control, GypA was used. GypA distribution at the plasma membrane was not altered by zinc addition (Fig. 5A) . Thus, zinc ions specifically triggered the redistribution of APLP1 at the plasma membrane, with an attenuated effect on APLP2.
To further assess the metal ion specificity of APLP1 or APLP2 clustering, we tested other divalent metal ions. Neither 50 M Co 2ϩ nor concentrations as high as 1 mM Ca 2ϩ or 1 mM Mg 2ϩ ions altered the cellular localization of APLP1 or APLP2 (Fig. 5B) . The only other metal ion tested that induced APLP1 and APLP2 clustering was copper (Fig. 5B) , which was consistent with copper effecting APLP1 oligomerization as recorded by SE-FRET measurements.
Because APLP1 expression in contrast to APP and APLP2 is restricted to the nervous system (18), we tested whether zinc could induce clustering of APLP1 in the plasma membrane of rat primary hippocampal neurons. Within seconds, zinc ions induced a rapid re-arrangement of APLP1 molecules into clusters along the soma and dendritic plasma membranes, as monitored by cLSM (Fig. 5C ). This clustering was reversible by treatment with EDTA, as we had observed using HEK293 cells. Of note, a clear redistribution of APLP1-YFP was not observed in cells with low APLP1-YFP expression levels, which is likely due to interference of endogenous nonfluorescent APLP1.
These observations indicate that APLP1 and APLP2 respond to elevated extracellular zinc concentrations by rapidly forming protein clusters at the plasma membrane. Also, the formation of large distinguishable clusters, which are visible at cLSM resolution, demonstrates that the zinc-increased FRET signal is caused by high APLP multimers instead of a shift in the APLP monomer/dimer equilibrium. Histidine Residues 430, 433, 450 , and 452 in the APLP1 E2 DomainAccording to our novel findings above and based upon partial homology to the two zinc-binding sites in APP (21), we predicted that zinc-binding sites within the E1 and E2 domains of APLP1 may exist. To determine which site is functionally important for zinc-induced APLP1 oligomerization at the cellular level, we generated deletion mutants of APLP1 (Fig. 6A) with deletion of the E1 domain and the adjacent stretch of acidic amino acid residues (⌬E1-AcD), deletion of the E2 domain alone (⌬E2) or in combination with the JMR (⌬E2-JMR), as well as a C-terminal deletion mutant (⌬CT) for additional FRET analyses in HEK293 cells.
Zinc-induced APLP1 Oligomerization Is Mediated by
The E2 deletion decreased APLP1 zinc sensitivity ϳ10-fold, whereas deletion of the E1 domain or the C-terminal intracellular domain had no significant effect (Fig. 6B) . Although this indicated that zinc-induced oligomerization is primarily mediated by the E2 domain, it was not completely abolished as residual oligomer formation was observed (potentially low affinity zinc-binding sites in other regions of APLP1 that compensate for the loss of the E2 domain). As shown previously for the ⌬E1-AcD mutant (7), APLP1 localization was not affected by the ⌬E2-(JMR) or ⌬CT mutations as observed by cLSM (Fig. 6C) .
Because zinc had its greatest effects on the APLP1 E2 domain, we used an APLP1 construct containing the E2 domain and additional residues of the adjacent juxtamembrane region (i.e. APLP1 E2-JMR; Fig. 7C ) to identify the amino acid residues responsible for zinc binding in the E2 domain of APLP1. APLP1 E2-JMR was specifically bound to a zinc-charged IMAC column and then partially digested using trypsin and GluC (V8) proteases. Non-zinc binding regions of the recombinant protein were washed away, whereas zinc-bound peptides were eluted with EDTA. As analyzed by MALDI-mass spectrometry (MALDI-MS), the trypsin-digested fractions revealed six candidate APLP1 peptides (encompassing amino acids 430 -459) as zinc binders (Fig. 7A) . The GluC-digested fractions revealed two candidate APLP1 peptides (encompassing amino acids 424 -458) as zinc binders (Fig. 7B) . Thus, overlapping residues between the two protease digestions indicate that amino acids 430 -458 mediate zinc binding to the E2 domain of APLP1 (Fig. 7C) .
Because we observed elution of the APLP1 E2-JMR protein from Zn-IMAC columns at pH 6.0 or lower, we suspected that histidine residues at positions 430, 433, 450, and 452 were the most likely candidates to coordinate zinc ions even though aspartate and glutamate residues are also potentially zincchelating residues (39, 49) . To test this hypothesis, we mutated the candidate histidines to alanines and then re-evaluated zincinduced oligomerization of the full-length protein. Similar to the ⌬E2 and the ⌬E2-JMR deletion constructs, the ability of the 4ϫH/A point mutant (APLP1 H430A/H433A/H450A/H452A) to respond to zinc was significantly impaired compared with wild-type APLP1 (Fig. 6B) . Furthermore, APLP1 clusters at ZnCl 2 concentrations of 50 M were barely detectable for the 4ϫH/A mutant (Fig. 7D) . Only at concentrations of 200 M zinc or higher, a clustering of the APLP1 mutant was observed although to a much weaker extent than for the wild-type protein (Figs. 7D and 5A ).
Overall, we have identified a novel zinc-binding site in the C-terminal part of the APLP1 E2 domain that can mediate its oligomerization at physiological concentrations of extracellular zinc. Histidine residues 433, 450, and 452 are essential for the activity of the novel binding site, whereas histidine 430 is rather dispensable (Fig. 6B) .
DISCUSSION
To advance our understanding of protein-metal ion interactions involving the amyloid precursor protein family, the goal of this study was to investigate the binding of zinc and copper to , and elution volumes were analyzed by MALDI-MS. For trypsin analysis, EDTA elutions were performed using two different acetonitrile concentrations to cover a broad molecular mass range for peptide recovery. Mass spectrum for W3 digested with GluC is not shown because no APLP1 peptides were found in this fraction. Peaks are labeled with the respective peptide mass. Numbers are referring to the amino acid residues in the APLP1 sequence. A, trypsin digestion revealed six zinc-binding peptides harboring amino acids 430 -459 of full-length APLP1. The nontryptic peptide with m/z ϭ 987.6 was sequenced and found to result from an internal cleavage between Asp-438 and Pro-439. This internal cleavage is frequently observed in MALDI-MS due to the exceptional susceptibility of the amide linkage C-terminal to an Asp and N-terminal to a Pro residue (67, 68) . The peptide with m/z ϭ 3042.5 was sequenced and found to contain an additional EA sequence at its N terminus before the EF linker. This was previously observed in heterologous protein production and described as a result of incomplete processing by P. pastoris signal peptidases (57 (21), it was proposed that APLP1 contains a zinc-binding site in the E1 domain. Interestingly, our analysis of deletion mutants revealed that APLP1 oligomerization is mediated by a zinc-binding site in the E2 domain. Sitedirected mutagenesis further revealed that histidine residues 430, 433, 450, and 452 (in the C-terminal part of the E2 domain) are essential for zinc-mediated oligomerization. Significantly elevated nonphysiological concentrations of zinc could compensate for reduced oligomerization/clustering with the deletion and/or site-directed mutants of APLP1. However, the weaker and/or nonspecific zinc-binding sites likely do not play a major role in APLP1 oligomerization.
Through co-crystallization of recombinant APP with cadmium followed by competitive displacement with copper and zinc, we recently identified two metal-binding sites in the E2 domain (30) . The displaced cadmium-binding sites in APP E2 overlap marginally with the zinc-binding histidine residues (430, 433, 450, and 452) identified in APLP1 E2 in this study as follows: metal-binding site 1 (M1) contains His-436 in APP, which is conserved to His-430 in APLP1; metal-binding site 2 (M2) contains His-458, which is conserved to His-452 in APLP1. Of special note, the primary sequence of APP lacks His-450, which we have shown here to be important for zincinduced APLP1 oligomerization. Consequently, the composition of the zinc-binding site that we have just identified is novel compared with the intramolecular M1 and M2 sites in the E2 domain of APP.
Two of the histidines (430 and 433) in this study were previously identified as part of a heparin-binding site when the crystal structure of the APLP1 E2 domain was determined (22) . This is particularly interesting given that zinc can strengthen the binding of polyanion heparin to APP and APLPs (21) , an effect originally attributed to the E1 domain although never experimentally proven. Consistent with our findings, the crossinteraction of zinc and heparin could implicate the C-terminal part of the E2 domain as a general regulatory site for APLP1 oligomerization, as well as for binding interactions with components of the extracellular matrix. Notably, several extracellular matrix protein interactions in non-neuronal tissues have been shown to be regulated by zinc (50, 51) . It is possible that locally elevated concentrations of zinc could also facilitate such interactions in the brain by the ability of zinc to modulate extracellular matrix interactions with APP/APLPs.
Although the majority of zinc ions remains tightly bound as protein cofactors in the brain, low (ϳ20 nM) concentrations of "free" zinc in the extracellular fluid (52) can reach up to 100 M after exocytosis of zinc-filled vesicles at the synapse (47) . Similarly, high local concentrations of copper have been recorded at the synapse (53) , although their significance is far less understood compared with zinc (54) . Because this study demonstrates that APP and APLP1 oligomerization was induced at low micromolar concentrations of zinc whereas APLP2 oligomerization required significantly higher concentrations, this suggests that APP and APLP1 oligomerization could be linked to the active state of zincergic synapses. These synapses are predominantly found in cortical and limbic structures of the brain with a particularly high abundance of zincergic terminals in the hippocampus (55); interestingly, this coincides with high APLP1 expression in the hippocampal region (56, 58) . On the subcellular level, APLP1 is mainly expressed at the cell surface, whereas APP is more strongly retained in intracellular compartments of the cell (7, 59) . This indicates that among the APP family members APLP1 is predominantly regulated by zinc ions, which is consistent with our present hetero-oligomerization analyses, i.e. in the presence of zinc, APLP1 mediated the formation of hetero-oligomer pairs with APP and APLP2. Notably, APLP1 may regulate the number of zinc-induced APP oligomers because APP localization to the plasma membrane is linked to APLP1 expression (7) .
Consistent with the overall theme of this study, the effect of zinc ions on protein oligomerization has previously been reported for the ProSAP/Shank family (60, 61) . ProSAP1/ Shank2 and ProSAP2/Shank3 are zinc-dependent postsynaptic protein scaffolds that are involved in synaptogenesis and the maintenance of immature synapse stability (61) . Notably, APP and APLPs are also present in the synaptic cleft both at presynaptic and postsynaptic compartments (14, 62) , where APP and APLP homo-and hetero-oligomers function as structural components of the synapse (63-66); APP has also been shown to promote synaptogenesis (14) . If zinc is a key regulator of APP/ APLP oligomerization at the synapse, this adds another layer of complexity to the structural role that APP/APLPs play in synaptogenesis. Taken together, the formation of oligomeric APP/ APLP clusters (predominantly by APLP1) may serve as zinc-dependent interaction hubs for the structural network of APP protein family members.
